the rising phase of the potential the current went in the wrong direction: southeast instead of northeast as it does for a conventional conduction process. T h e r e are some analogies for this negative conductance: the passive iron wire, a dynatron, a tunnel diode, a positive thermistor; and they can all give excitation and propagation. Another example is a negative spring (15) and above threshold it goes to the height of activity, A, Fig. 4 . But if we couple it to a sufficiently strong positive spring, B, we can hold it in any position. So, after World War II, we returned from the analogies back to the axon and applied step changes of potential to the membrane (16) , the beginning of the voltage clamp. This gave (17) an early current of sodium which was replaced by a steady state current of potassium, Fig. 5 . The peak values of I~, did indeed givO a negative, i.e. southeast, conductance, Fig. 6 . Then we could see that this was a necessary, and might be a sufficient, condition for excitation and conduction. But it is discouragingly transient and only a quasi-steady state at best.
By replacing the outside sodium with potassium the resultant Ix shows a negative conductance, Fig. 7 , which is near steady state (18) . The same sort of thing is also found for half a dozen other excitable membranes including lobster axon (19) , frog node (20) , and an electroplax (21) in current clamp.
So here is a really good problem: what makes the negative conductance? One answer is calcium. With only potassium inside and outside, the conductance is positive and almost linear, Fig. 8 , forDosidicus (22) and Loligo (23) . But the negative limb appears and moves toward more positive potentials as calcium is made available (24) . We may think of calcium as blocking the potassium conduction process by some electroadsorp-tion mechanism, and there are reasons to suspect something similar for sodium (25) . So calcium is highly provocative and worth watching.
All of us hoped for agents that would be specific for the sodium and potassium processes. I made the mistake of expecting them to come from the pharmacopeia, but tetrodotoxin (TTX), saxitoxin (SXX), and tetraethyl ammonium (TEA) are not there. T E A has the advantage of being an ion so the dosage to the membrane can be controlled electrically (26) . Assuming that one T E A plugs a potassium channel, these channels have 2.101~ ohms resistance, and are 250 A apart. Lobster axons stop con-
V, millivohs
:~150 -I~ -50 0 ducting (27) after they soak up T T X with an average distance between molecules of 3000 A to give a channel resistance of at least 101° ohms. By now the assumptions of processes specific for sodium and potassium seem also to have been rather naive. Probably almost any ion, from lithium to calcium and chlofide, can be carried to some extent by a fast process such as was first described for sodium. Similarly, the slow process is not restricted to potassium, although the spectrum of substitutes is not so broad. Further, without regard to the particular ions being carried, the action of T T X and some other agents is only on the fast process while that of T E A operates exclusively on the slow process. The prize example is ammonium (28) . It can be carried by the fast system, a third as weU as sodium, and is blocked by T T X . But it can also be carried by the slow system, half as well as potassium, and this is blocked by TEA. We may now suspect (29) that there are two kinds of channels, each with its own kinetics. Then the number of channels which are in operation depends only upon the acceptability of the ions available and presence of blockers for each kind of channel. This vague concept can't last long, and we watchers can only expect it to be replaced by one with more intimate details.
M a n y of us have been intrigued by the puzzle of the distribution and nature of an elcmcntary membrane ion conduction unit, pore, or process. Is it graded or completely on-or-off? Is each completely independent of all others, or do some cooperate and act together in sizeable groups? In a steady state is the pattern fixed, or is each unit of the population varied to give only a constant average current? I have long liked to assume independent on-and-off channels so I am pleased, to say the least, with node data (30) which can be interpreted this way. There is only a pulse, resistor spectrum at the potassium potential, but flicker, 1 If, noise is added at the rest potential, Fig. 9 . From this we 3 come to potassium channels with a resistance of 101° ohms which turn on and off at random and are 3000 A apart at rest or 1000 A at m a x i m u m conductance. This seems to me to be not only good evidence, but also the best evidence, as to the nature of the conduction process. But it will have to be improved to survive. There are also surprises, and one of these was quite devastating to my complacency. Membranes of adjacent cells are often found quite close together and the resistance across both membranes may be entirely reasonable, 1000 o h m . e r a ~ or so. But now there are probably a dozen examples of tight or electrotonic junctions (31) . These have resistances from only a fraction of an ohm. cm ~ down to praeticaUy nothing. Some can be separated osmotically or by low calcium. There should bc some interesting action to watch as these mechanisms are worked out I
Artificial membranes are about as old as Ringling Bros. or Barnum & Bailey but the current work on bilayers has more rings and side shows than anybody can keep track of. Such things as lecithin are stabilized at a 60 A thickness and are almost impermeable to ions (32) . Although traces ot some polypeptides increase the permeability, the cyclic valinomycin is an especially fetching model. This doughnut should attach to lipid around its outside and let potassium through the hole (33). * Cole, K. S., and H. Lecar. Unpublished calculations.
6s C E L L M E M B R A N E B I O P H Y S I C S
A number of unidentified and unclassified proteins (34) can increase the ion permeability by 10 ~. Analyses (35) and inactivation experiments 4 suggest that this conduction is along arms that go through the bilayer, and Onsager (36) proposed a proton-assisted ion passage along polar groups analogous to conduction in ice. Such mechanisms should then account for a channel resistance of 109 ohms given by random current fluctuations. 4 But also these activating agents may produce (37) one or two southeast-northwest limbs on the current-voltage characteristic, Fig. 10 . So these membranes are excitable. They are certainly spectacular analogies and perhaps even primitive models of excitable living membranes. Although we don't know what these bilayers are or how they work, I feel sure that we will miss something important if we ignore them. Anyone who takes this commentary seriously may criticize me as being facetious, prejudiced, superficial, and limited. There are those who don't want to take Hodgkin and Huxley as a starting point. The bilayer model is being both questioned and extended. Proteins are vastly more important than I indicate. Isolated membranes are being used everywhere. There must be much more that either I do not know or fail to appreciate.
About 1962 I predicted that another decade would produce at least the beginning of a sound understanding of membrane structure and ion permeability. At this point, I am even more confident that the various approaches and languages will merge enough by then to focus membrane watching on the winners.
